The poor wettability between ceramics and metals is a main obstacle in obtaining highperformance metal-matrix composites (MMCs) parts using direct metal laser sintering (DMLS). Rare earth (RE) elements, due to their unique physical and chemical properties, have high potential for improving laser processability of MMCs. In this work, a comparative study was performed to investigate the influence of RE-Si-Fe addition on microstructural features and mechanical properties of DMLS processed tungsten carbide (WC) particle reinforced Cu MMCs parts. It showed that by adding 3 wt% RE-Si-Fe, the WC reinforcing particles were refined, the particle dispersion state was homogenized, and the particle/matrix interfacial compatibility was enhanced. The RE-Si-Fe-containing WC/Cu MMCs parts possessed significantly elevated mechanical properties, i.e., densification level of 95.7%, microhardness of 417.6 HV, fracture strength of 201.8 MPa, and friction coefficient of 0.8. The metallurgical functions of the RE-Si-Fe additive for the improvement of DMLS quality of MMCs parts were discussed.
I. INTRODUCTION
Copper (Cu) is widely used as a promising material for electrical contacts due to the excellent electrical and thermal conductivity and outstanding resistance to fatigue and corrosion. 1 Nevertheless, the limited wear and arcing resistance of Cu limits its practical applications. 2, 3 The mechanical wear resistance can be improved significantly by incorporating a second reinforcing phase into Cu, i.e., by developing Cu-based metal-matrix composites (MMCs). These MMCs find applications as current-carrying contacts, vacuum interrupter, arcing tips, electrical discharge machining electrodes, etc. 4 Particle reinforced MMCs, due to the ease of processing, lower production cost, and nearly isotropic properties as relative to fiber reinforced MMCs, are preferable for such applications.
So far, the use of tungsten (W) as a reinforcing phase for Cu has been intensively studied for the preparation and consolidation of W-Cu composites. Tungsten, as a refractory metal, provides a certain degree of wear and arcing resistance when used in the form of W-Cu composites. However, owing to the mutual insolubility of W and Cu and the high contact angle of liquid Cu on W, significant difficulties still exist to realize a full densification of W-Cu composites. 5 Furthermore, to meet the lightweight requirement in the modern electric industry, reinforcements possessing a lower density and a higher hardness than that of W are preferred in Cu-based MMCs. Recently, tungsten carbide (WC) instead of W has been used as reinforcement for MMCs for electrical contact applications. 2, 3 There are several advantages in using WC as the reinforcement in Cubased MMCs. First, WC has a lower density (15.6 g/cm 3 ) as relative to W (19.3 g/cm 3 ). Second, WC can retain its room temperature hardness up to 1400 C. Third, WC is considerably stable and undergoes no phase changes during high temperature processing. A review of existing literature reveals that the casting, 6 infiltration, 3 self-propagating high-temperature synthesis (SHS), 7 and powder metallurgy 1 methods have been used to produce ceramic particle reinforced Cu-based MMCs components. Most of these conventional methods, although they are productive and can obtain near fully dense parts, need expensive and dedicated tools such as molds or dies, showing a limited suitability for small volume production and complex shapes. Furthermore, the long cycle time and pre-and postprocessing steps necessary in these routes make them a time-consuming and expensive process.
Direct metal laser sintering (DMLS), as a typical rapid prototyping or rapid manufacturing process, enables the quick production of complex shaped three-dimensional components having near full density directly from metal powder. [8] [9] [10] [11] [12] [13] [14] [15] DMLS creates components in a layer-by-layer fashion by selectively fusing and consolidation of thin layers of loose powder with a scanning laser beam, without post-processing requirements such as furnace densification cycles and secondary infiltration steps. The combination of high design flexibility, excellent process capabilities, and time-and cost-saving features makes DMLS technique attractive to industrial manufacturers. This technique competes effectively with other conventional manufacturing methods such as machining when the part geometry is particularly complex and the production run is not large. In particular, DMLS, due to its flexibility in materials and shapes, also allows complex shaped MMCs components to be produced in a single process without any tools, thus significantly reducing the total production time and cost.
Nevertheless, due to the complex nature of DMLS, which involves a transient metallurgical process induced by the localized and rapid high-energy laser scanning, common problems associated with DMLS, such as oxidation, balling, and shrinkage, may result in a series of defects such as low density, weak strength, high surface roughness, and poor dimensional precision. 16 Besides these general process defects associated with DMLS, the following problems in terms of gas entrapment, particulate aggregation, and interfacial microcracks are regarded as the main obstacles in obtaining high quality DMLS processed ceramic particle reinforced MMCs components with a favorable densification level and microstructural features. 17 Rare earth (RE) elements, due to their unique physical and chemical properties, are called the "vitamin" of materials. Generally, a small number of RE elements addition can significantly enhance the properties of materials such as processability, microstructures, and mechanical properties. 18 The use of RE elements in DMLS of particle reinforced MMCs is a new direction in broadening their application fields. Furthermore, the previously mentioned process problems associated with DMLS processed MMCs are expected to be resolved by using RE elements.
This work presents a comparative investigation of the influence of RE-Si-Fe addition on densification, microstructures, and mechanical properties of direct laser sintered WC particle reinforced Cu MMCs components. The exact metallurgical mechanisms of RE-Si-Fe in changing the DMLS behavior of particle reinforced MMCs are elucidated.
II. EXPERIMENTAL A. Powder materials
The electrolytic 99.5% purity Cu powder with a dendrite structure and a mean particle size of 15 mm 
B. Laser processing
The used DMLS system consisted mainly of a RofinSinar 2000SM continuous wave Gaussian CO 2 laser (Rofin-Sinar Laser GmbH, Hamburg, Germany) with a maximum output power of 2000 W, an automatic powder delivery system, and a computer system for process control (Beijing LongYuan Automated Fabrication System, Beijing, PR China).
When a specimen was to be produced, a Q235 carbon steel substrate was placed on the building platform and leveled. A thin layer of the loose powder (0.15 mm in thickness) was then deposited on the substrate by the roller. Afterwards, a laser beam scanned the powder bed surface to form a layer-wise profile according to computer-aided design data of the specimen. The similar process was repeated and the specimen was produced in a layer-by-layer fashion until completion. The following suitable processing parameters were chosen for DMLS: spot size of 0.30 mm, laser power of 700 W, scan speed of 0.05 m/s, and scan line spacing of 0.15 mm. Rectangular-shaped multilayer specimens with dimensions of 80 mm Â 25 mm Â 4.5 mm (30 layers) were successfully prepared after DMLS (Fig. 1 ).
C. Microstructural characterization
Phase identification was performed by a Bruker D8 Advance x-ray diffraction (XRD) analyzer (Karlsruhe, Germany) with Cu K a radiation (l = 0.15418 nm) at 40 kV and 40 mA. A quick scan of 4 /min was primarily performed over a wide range of 25 to 105 2y degrees, .0, and 73.6-74.8 2y degrees to give a more accurate determination of the diffraction peaks. Samples for metallographic examinations were cut, ground, and polished according to the standard procedures. Microstructures were characterized using a JEOL JSM-6480 (Tokyo, Japan) and a FEI Quanta 200 (Eindhoven, The Netherlands) scanning electron microscope (SEM) in a secondary electron mode. An EDAX Genesis energy dispersive x-ray (EDX) spectroscope (Mahwah, NJ) was used to determine the chemical compositions, using a super-ultra thin window (SUTW) Sapphire detector.
D. Properties testing
The densities of laser sintered samples were calculated based on the Archimedes principle. The Vickers hardness was determined using a HXS-1000 microhardness tester (Shanghai Supore Instruments Co., Ltd., Shanghai, PR China) at a load of 0.1 kg and an indentation time of 15 s. Specimens for the tensile test, with individual dimensions shown in Fig. 2 , were prepared according to GB/T 228-2002 (equivalent to ISO 6892:1998) standards using a spark-erosion wire cutting machine. Prior to the tensile test, the specimens underwent stress-relief annealing at 400 C for 3 h. The tensile strength tests were performed at room temperature with a CMT5105 universal testing machine (Shenzhen SANS Testing Machine Co., Ltd., Shenzhen, PR China) at a loading rate of 1.0 mm/min. The tensile direction was parallel to the sintered layers. Dry sliding wear tests on as-sintered samples were conducted in a HT-500 ball-on-disk tribometer (LanZhou ZhongKe KaiHua Science and Technology Co., Ltd., Lanzhou, PR China) in air at room temperature. Surfaces of specimens, 20 mm Â 10 mm Â 5 mm in size, were ground and polished prior to wear tests. Bearing steel GCr15 balls with a diameter of 3 mm and a mean hardness of HRC60 were taken as the counterface material. The friction unit was rotated at a speed of 560 rpm for 15 min with an applied test load of 0.23 kg. The rotation radius was 2 mm. The friction coefficients of the specimens were recorded during the wear tests.
III. RESULTS AND DISCUSSION
A. Phases, microstructures, and compositions Figure 3 depicts the XRD spectrum of the starting RE-Si-Fe powder. It can be seen that the original La and Ce RE elements are present in the form of the LaSi 2 and Fe 17 Ce 2 compounds, respectively, which is in accordance with the literature. 19 The relatively weak diffraction peaks corresponding to the FeSi 2 and Fe 3 Si are also detected in Fig. 3 .
The typical XRD patterns of laser sintered samples without and with RE-Si-Fe addition are provided in Fig. 4 . The strong diffraction peaks for the Cu [facecentered cubic (fcc) structure] and WC (hexagonal structure) are generally detected [ Fig. 4(a) ]. Hence, it was preliminarily concluded that all the DMLS processed samples consisted of the Cu and WC phases. On the other hand, it was detected that the initial RE elements, La and Ce, were present in the form of RE oxides, La 2 O 3 and Ce 2 O 3 , in the laser sintered sample with RE addition [ Fig. 4(a) ]. Over a wide range of 25 to 105 2y degrees, the diffraction peaks corresponding to Cu 9 Si and FeCu 4 were also detected [ Fig. 4(a) ]. However, the relevant diffraction peaks looked overlapped with the identified Figure 5 illustrates the characteristic microstructures of the polished laser sintered samples without and with RE elements addition. In general, the EDX spot scans reveal that the gray matrix is mainly composed of the Cu element and the white particles within the matrix consist of the W and C elements with an equal atomic proportion. Combined with the XRD identification [ Fig. 4(a) ], it was confirmed that the WC particle reinforced Cu MMCs were produced by DMLS. Nevertheless, the shape, size, and dispersion state of the reinforcing particles and the resultant densification level of laser sintered composites were significantly affected by the RE elements addition. DMLS of the powder system lacking of RE elements resulted in a severe agglomeration and segregation of the WC particles, leaving a number of residual pores within the laser sintered matrix [arrowheaded, Fig. 5(a) ]. SEM characterization at a higher magnification showed that the reinforcing particles generally possessed an irregular polygonal structure, with a mean particle size larger than 1 mm. More seriously, a large amount of microscopic porosity, as selectively indicated by arrowheads, was formed between the reinforcement and the matrix [ Fig. 5(b) ]. Differently, with 3 wt% RE-Si-Fe added, the WC particles were refined significantly and were dispersed uniformly within the matrix, exhibiting no apparent aggregation [ Fig. 5(c) ]. In this situation, the WC particles underwent a certain degree of surface smoothening and had a submicron size, showing continuous and compatible interfaces with the matrix [ Fig. 5(d) ].
To further characterize the distributions of various elements in laser sintered composites with RE-Si-Fe addition, an EDX line scan was performed across the particle and the matrix [i.e., along the line in Fig. 6(a) to show the elemental concentration change in Fig. 6(b) ]. Besides the elements of the reinforcing particles (W and C) and the matrix (Cu), the La, Ce, and O elements were also detected. Combined with the XRD results [ Fig. 4(a) ], it was confirmed that the RE elements were present in the form of RE oxides after laser sintering. Furthermore, it was found that the distributions of RE elements, La and Ce, within the matrix were nonuniform. Typically, they showed a high elemental concentration around WC reinforcing particles at the phase boundaries [ Fig. 6(b) ]. Figure 6 (b) also reveals a relatively homogeneous elemental distribution of the trace amounts of Fe and Si elements within the matrix. Figure 7 shows the characteristic microstructures of the fracture surfaces of laser sintered samples. Both samples without and with RE addition demonstrated a strong ductile type of fracture, since a number of small dimples were generally formed on the fracture surfaces [Figs. 7(a) and 7(c)]. However, in lack of RE addition, a large amount of microcracks were observed on the fracture surface [arrowheaded, Fig. 7(a) ]. In this instance, the reinforcing particles aggregated severely and, accordingly, segregated toward certain areas on the fracture section [ Fig. 7(b) ]. Favorably, with RE elements added, the fracture surface of the laser sintered sample was free of any deleterious microscopic cracks [ Fig. 7(c)] . A homogeneous dispersion of reinforcing particles within the fracture section was also obtainable [ Fig. 7(d) ]. Figure 8 reveals the influence of the addition of RE elements on the densification level and fracture strength of laser sintered samples. The densification response of the sintered sample without RE elements was comparatively low (85.3% theoretical density), due to the formation of microscopic porosity [ Fig. 5(a) ] and interfacial microcracks [ Fig. 7(a) ] throughout the laser sintered structure. With 3 wt% RE-Si-Fe added, the laser sintered density increased by 10.4% as compared with the sample without RE addition [ Fig. (8)] . Nevertheless, the obtainable 95.7% theoretical density in this case did not reach a full density. The ultimate fracture strengths of laser sintered samples exhibited a similar trend as density with respect to the RE addition. In the case of powder without RE elements, the presence of microcracks and the aggregation of reinforcing particles on the fracture surface resulted in a relatively low fracture strength of 153.6 MPa, even if a ductile type of fracture was produced [ Fig.  7(a) ]. Laser sintering of RE-containing powder yielded higher fracture strength of 201.8 MPa (Fig. 8) , which was superior to conventionally PM or casting processed copper materials without reinforcement. under dry sliding wear test conditions. The characteristic morphologies of the corresponding worn surfaces are provided in Fig. 11 . The friction coefficient of the laser sintered sample without RE addition was comparatively low and oscillated around 0.5. In this case, the worn surface was considerably rough, illustrating that the specimen suffered severe abrasive wear [ Fig. 11(a)] . A further characterization of the wear striation revealed the formation of cracked, granular powder agglomerates, exhibiting a highly loose surface after abrasion [ Fig. 11(b) ]. On the contrary, the friction coefficient of the laser sintered sample with 3 wt% RE-Si-Fe addition enhanced remarkably, with the average value of 0.8. Meanwhile, the local undulation of the friction coefficient was slight, implying a uniform dispersion of reinforcing particles within the matrix [ Fig. 5(c) ]. Interestingly, it was noted that the obtained friction coefficient increased gradually as the applied sliding time was prolonged (Fig. 10) . This is attributed to the continuous strengthening of well-dispersed WC reinforcing particles within the matrix under abrasion, as revealed in Fig. 11(d) . In this instance, the worn surface was relatively smooth and had only slight scratches and little adhesive characteristics [ Fig. 11(c) ], indicating that the RE addition significantly improved the wear performance of laser sintered MMCs.
B. Mechanical properties

C. Functions of RE-Si-Fe additive
During DMLS of the present WC/Cu composite powder system, laser energy selectively melts the matrix metal Cu to form a liquid phase, because of the significant difference in the melting temperatures of WC and Cu (2870 C versus 1083 C). A laser molten pool consisting of a liquid (Cu)/solid (WC) mixture is expected to generate under laser irradiation. In the laser-irradiated molten pool, the added RE elements in the form of LaSi 2 and Fe 17 Ce 2 compounds (Fig. 3) tend to decompose and release atomic La and Ce. The atomic Fe and Si are also presented in the pool, due to the further decomposition of FeSi 2 and Fe 3 Si compounds in the RE-Si-Fe powder (Fig. 3) . Because of a Gaussian laser beam used, a large temperature gradient tends to form between the center and edge of the molten pool. Either chemical concentration difference or temperature gradient at solid/liquid interfaces within the pool may generate surface tension gradients and resultant Marangoni convection. 21 The formation of the Marangoni convection induces capillary forces for liquid flow, leading to a wetting of the WC solids by the Cu liquid. The WC reinforcing particles, accordingly, undergo a rapid rearrangement under the influence of capillary forces exerted on them by the wetting liquid. As the laser beam moves away, the solid/liquid composite system enters a rapid solidification process, leading to a consolidation of WC particle reinforced Cu MMCs on cooling [ Fig. 4(a) ]. Furthermore, the present atomic Fe and Si elements in the molten pool tend to alloy with the matrix element Cu, thereby producing the Cu 9 Si and FeCu 4 compounds after solidification [Figs. 4(b)-4(d)] .
Nevertheless, the wetting characteristics between ceramics and metals are generally poor, thereby lowering the capillary forces for particle rearrangement. As a consequence, when a high weight fraction of the WC reinforcement (60 wt%) is used in this study, the WC reinforcing particles are inevitably aggregated in the finally solidified matrix [ Fig. 5(a) ], hence producing deleterious microcracks between the reinforcement and the matrix [ Fig. 5(b) ]. Fortunately, a comparative study of DMLS processed WC/Cu MMCs without and with RE elements revealed that the addition of a small amount of RE-Si-Fe to this composite system can homogenize the particle dispersion and improve the particle/matrix interfacial compatibility. The metallurgical functions of the additive RE-Si-Fe lie in the following three aspects.
First, it is known that the wetting of a solid by a liquid is related to the surface tensions of the solid-liquid, solid-vapor, and liquid-vapor interfaces. Wettability can be defined by the contact angle y using the Young's equation:
where g sv , g sl , and g lv are the surface tensions of solidvapor, solid-liquid, and liquid-vapor interfaces, respectively. It is revealed in Table II that, the RE elements La and Ce, as the typical surface active elements, have considerably lower surface tensions than that of the molten Cu. Furthermore, according to the literature, 22 for a Fe-Si system, the relationship between the surface tension (g) and the temperature (T) can be estimated by
In the laser-irradiated molten pool, the added FeSi 2 and Fe 3 Si compounds melt as the sintering temperature reaches their melting point of 1220 C. 23, 24 In this situation, the surface tension of the Fe-Si melt is $821 mNÁm
À1
, which is significantly lower than that of the matrix metal Cu (Table II) . In other words, the additive Fe-Si compounds also contribute to the decrease in the surface tension of the melts within the pool. Therefore, laser sintering of the RE-Si-Fe-containing powder leads to a significant decrease in the g sl , which in turn improves the liquid/solid wettability by lowering the y. Thus, the WC ceramic particles experience a more sufficient wetting by the liquid, leading to a significant smoothening and refinement of the original irregular particles [ Fig. 5(c) ] and a coherent particle/matrix bonding [ Fig. 5(d) ]. Furthermore, the surface tension temperature coefficients (STTC) of La and Ce elements are considerably larger than that of Cu (Table II) . Increasing the STTC across the surface tends to increase the magnitude of the liquid thermocapillary forces, 25 thereby improving the rearrangement rate of reinforcing particles in the wetting liquid. Under this condition, the aggregation of reinforcing particles can be alleviated or prevented, favoring the improvement in the dispersion homogeneity of particles in the solidified matrix [Figs. 5(c) and
Second, as illustrated in Fig. 12 , since the La and Ce are surface active elements and their atomic radii (La 0.274 and Ce 0.270 nm) are significantly larger than that of Cu (0.157 nm), they are much easier to accumulate at liquid/solid interfaces (phase boundaries) within the molten pool, where a large number of crystal defects such as dislocation and vacancy exist. This is termed as "adsorption effect" of RE elements. 18 However, the existence of large-sized La and Ce atoms within the matrix will inevitably cause a great distortion and mismatch of the lattice, hence increasing the energy of the system. To retain the lowest energy of the system, an enrichment of La and Ce atoms at the phase boundaries, where the atomic arrangement is irregular, is required. 26 The RE elements are more stable at phase boundaries than in the interior of the phases. Therefore, the La and Ce elements in laser sintered MMCs are mainly distributed at phase boundaries, as revealed in Fig. 6(b) , which in turn causes a dragging effect on the movement of phase boundaries. Thus, the migration of the boundaries of solid/liquid phases is pinned, preventing the neighboring solid particles from accumulating. On the other hand, the slower growth rate due to solute drag caused by the segregation of the RE elements to the boundaries leads to a greater nucleation rate of matrix metal Cu. Furthermore, since the present RE oxides La 2 O 3 and Ce 2 O 3 [ Fig. 4(a) ] in the sintering system may act as favorable sites for heterogeneous nucleation of matrix metal, the required activation energy is considerably small, thereby further increasing the nucleation rate. Under this condition, the dendrites of matrix metal tend to be well developed during solidification. This favors the engulfment of reinforcing particles by the advancing dendritic solidification front of matrix metal, leading to a uniform dispersion of the fine particles in the solidified matrix [ Fig. 5(c)] .
Third, during the solidification process of the melt, the La and Ce concentrated at the grain/phase boundaries will react with the oxygen in the sintering system to form RE oxides La 2 O 3 and Ce 2 O 3 [ Fig. 4(a) ], because of their strong affinity toward oxygen. Because DMLS is a layer-by-layer additive manufacturing process, the contamination of the previously sintered layer is a severe impediment to liquid/solid wetting characteristics when a fresh layer is being processed. 16, 27 The resultant poor interlayer bonding may cause deformation and even delamination of DMLS processed parts. In this study, when suitable amounts of RE oxides are formed during sintering, these compounds tend to float on the surface of the molten pool under the action of localized mass transfer and material convection within the pool. After solidification, the RE oxide slag appears on the surface of the laser sintered layer, forming a so-called "protective film" between the sintered powder and the ambient atmosphere. Such a protective film prevents the sintered layer from further oxidization, because it isolates the sintered materials from the oxygen. Therefore, the nonmetallic inclusions in the sintered layer are reduced, thereby purifying the sintering system. This ensures a sound wettability and a coherent interlayer bonding during DMLS of the subsequent layers, favoring the presence of a strong ductile type of fracture in the finished part [ Fig. 7(c) ].
IV. CONCLUSIONS
A comparative study has been conducted to investigate the influence of RE-Si-Fe addition on microstructural features and mechanical properties of direct laser sintered WC particle reinforced Cu MMCs parts. The main conclusions are as follows:
(1) By the addition of 3 wt% RE-Si-Fe, the reinforcing particles were refined, the particle dispersion was homogenized, and the particle/matrix interfacial compatibility was enhanced in DMLS processed composites. (densification level of 95.7% theoretical density, microhardness of 417.6 HV, fracture strength of 201.8 MPa, and friction coefficient of 0.8).
(3) The metallurgical functions of the RE-Si-Fe additive are (i) increasing liquid/solid wettability, (ii) dragging phase boundaries between the reinforcement and the liquid, and (iii) purifying the laser sintering system.
